Supersymmetry and more specifically supergravity grand unification allow one to extrapolate physics from the electroweak scale up to the grand unification scale consistent with electroweak data. Here we give a brief overview of their current status and show that the case for supersymmetry is stronger as a result of the Higgs boson discovery with a mass measurement at ∼ 125 GeV consistent with the supergravity grand unification prediction that the Higgs boson mass lie below 130 GeV. Thus the discovery of the Higgs boson and the measurement of its mass provide a further impetus for the search for sparticles to continue at the current and future colliders. *
Introduction
The standard model of particle physics [1] based on the gauge group SU (3) C ⊗ SU (2) L ⊗ U (1) Y and three generations of quarks and leptons is a highly successful model at low energies up to the electroweak scale. One of the basic elements of the model is that it is anomaly free. Specifically, the quarks and the leptons have the SU (3) C , SU (2) L , U (1) Y quantum numbers so that q(3, 2, where the first two entries refer to the SU (3) C , SU (2) L representations, and the last entry refers to the hypercharge defined so that Q = T 3 + Y . The anomaly free condition in this case implies that one has i f i Y i = 0, where f i is a product of multiplicity and color factor. Here one generation of quarks and leptons exactly satisfies the anomaly cancellation condition. The interesting phenomenon is that while the leptons have integral charge, Q = −1 for charged lepton, Q = 0 for the neutrino, the quarks have fractional charge, 2/3 for the up quarks and −1/3 for the down quark. The charge assignment appears intriguing and leads one to ask if there exist a larger framework within which one may understand such charge assignments.
Such a framework must be more unified and exist at a larger scale. There are other aspects which point to the possibility that a more unified framework may exist such as the product nature of standard model group. Here it requires three gauge coupling constants g 3 , g 2 , g Y to describe the interactions. One may speculate if they are remnants of a single coupling. Such issues were the subject of investigations in the early seventies. Thus in 1973-74 Pati and Salam [2, 3] proposed that the standard model was remnant of the group G(4, 2, 2) ≡ SU (4) ⊗ SU (2) L ⊗ SU (2) R . Here leptons and quarks are unified with the leptons arising as a fourth color. Soon after the work of [2] Georgi and Glashow [4] proposed the group SU (5) which in addition to unifying the quarks and the leptons, also unifies the gauge coupling constants. A group which gives an even greater unification was proposed subsequently. This is the group SO(10) [5] . It has the benefit of unifying a full generation of quarks and leptons in one irreducible representation of SO (10) . The general criteria for grand unification is that one needs those unification groups which have chiral representations.
Here the relevant groups are SU (N ); SO(4N + 2), N ≥ 1; E 6 . As noted one of the constraints on model building is that of anomaly cancellation. Here the groups E 6 and SO(4N + 2), N ≥ 1 are automatically anomaly free while for SU (N ) one needs combinations of representations which are anomaly free. However, as is well known non-supersymmetric models have a serious fine tuning problem [6] . Quantum loop corrections to the Higgs boson mass-squared give contributions which are quadratically divergent in the cutoff. In grand unified theories that cutoff would be the GUT scale ∼ 10 16 GeV, which is much larger than the electroweak scale. A cancellation of the loop term would require a fine tuning of one part in 10 28 . The cancellation of the quadratic divergence occurs naturally in supersymmetry [7] . It is desirable then to formulate unified models using supersymmetry. One persistent problem here concerns breaking of supersymmetry which is essential for building a viable phenomenology. This is problematic in global supersymmetry. In order to break supersymmetry in a phenomenologically viable way one needs local supersymmetry/supergravity [8, 9, 10] (For a more extensive discussion see [11] ). Indeed grand unified models based on local supersymmetry provide the appropriate framework for unifying the strong and the electroweak interactions [12] . Gauge coupling unification is an important touchstone of unified model [13] .
An important success of supersymmetry models is the unification of gauge coupling constants consistent with LEP data [14, 15, 16, 17] . We note in passing that Planck scale physics could affect the predictions at the grand unification scale [18] (see [19, 20] ). Further, a significant feature of supergravity grand unification is that it is also the appropriate vehicle for the analysis of string based models since supergravity is the low energy limit of strings, i.e., at scales E < M Pl (see, e.g., [21] ).
The outline of the rest of the paper is as follows: In section 2 we discuss the first works on unification beyond the standard model. These include the quark-lepton unification and the unification of gauge coupling constants. As noted the group SO(10) is now the preferred unification group for the unification of the electroweak and the strong interactions. This is discussed in section 3. In section 4 we discuss an alternative possibility for a unifying group, i.e., E 6 . The flavor puzzle which relates to the hierarchy of quark and lepton masses and mixings is discussed in section 5. In section 6 we discuss supergravity grand unification which provides the modern framework for realistic analyses of grand unified models and allows one to extrapolate physics from the electroweak scale to the grand unification scale. Unification in strings is discussed in section 7. One of the hallmarks of grand unified models is the prediction for the existence of monopoles and we discuss it in section 8. We note that no signature of monopole has thus far been detected and confirmation of its existence remains an outstanding experimental question. Since grand unification implies quark-lepton unification, another important prediction of grand unification is the decay of the proton. We discuss the current status of proton stability in GUTs and strings in section 9. In section 10 we argue that the discovery of the Higgs boson mass at ∼ 125 GeV lends further support for SUSY/SUGRA/Strings, and consequently for the discovery of sparticles at colliders. The role of future colliders for testing superunification is discussed in section 11. Conclusions are given in section 12.
2 G(4, 2, 2) and SU(5) unification
As mentioned in section 1 a significant step toward unification beyond the Standard Model was taken by Pati and Salam [2] in 1974 when they proposed an extension of the Standard Model gauge group to the group
Here (4, 2, 1) and (4, 1, 2) representations of G(4, 2, 2) contain a full generation of quarks and leptons. Since quarks and leptons reside in the same multiplet, G(4, 2, 2) represents unification of quarks and leptons. This phenomenon has a direct consequence in that it allows conversion of quarks into leptons and thus one might expect the proton to become unstable and decay. The feature above is shared by essentially all unified models and thus proton lifetime limits act as a strong constraint on unified models of particle unifications. We also note that in (4, 2, 1) + (4, 1, 2) one has one more particle,
i.e., ν c , which does not appear in the standard model. ν c enters in the so called seesaw mechanism [22] that gives mass to the neutrinos. In G(4, 2, 2) the charge operator takes the form
2 , where T 3L and T 3R are the generators of SU (2) L and SU (2) R and B and L are baryon and lepton numbers.
To break the G(4, 2, 2) symmetry one introduces heavy Higgs representations (4, 2, 1) H ⊕ (4, 1, 2) H . In this case when ν H and ν c H develop VEVs, i..e, < ν H >=< ν c H >= M νH , G(4, 2, 2) breaks to the Standard Model gauge group and the charge operator takes the familiar form
The group G(4, 2, 2) can be broken further down to SU (3) C ⊗ U (1) em by use of (1, 2, 2) Higgs representation.
A comprehensive review of G(4, 2, 2) was recently given in [23] .
SU (5) [4] is the lowest rank unified group which can accommodate the standard model gauge group. Here a full generation of quarks and leptons can be accommodated in its representations5⊕10. Under the Standard Model gauge group they decompose so that 5 = (3, 1, − 
In order to break SU (5) down to the Standard Model gauge group we need to have the VEV formation of Σ so that < Σ >= diag(2, 2, 2, −3, −3)v. Here the spontaneous breaking of the symmetry gives the constraint
2 µv = 0. The breaking generates a mass for the Higgs doublet which is superheavy whereas electroweak symmetry breaking requires that the Higgs doublet be light. In order to achieve a light Higgs doublet we need the constraint 10λ 3 + 3λ 4 = 0. This constraint must be satisfied to one part in 10 28 , which is a high degree of fine tuning.
In SU (5) GUT the hypercharge coupling g Y is related to the SU (5) invariant coupling g 5 so that g Y = 3/5g 5 . Thus SU (5) predicts the weak angle at the GUT scale so that sin
, where we set g 2 = g 5 . One of the problems of the minimal SU (5) model is that it generates undesirable relationships among the quark and the lepton masses. Thus consider the We turn now to the supersymmetric version of SU (5) [24] . Here the superpotential for the minimal
The GUT symmetry breaks as in the non supersymmetric case with Σ developing a VEV.
Here as in the non-supersymmetric case a fine tuning is needed to get a light doublet. Specifically under the constraint M ′ = M the Higgs doublets are light while the Higgs triplets are superheavy. While a fine tuning is needed in the minimal SU (5) model to get light Higgs doublets, it is possible to achieve the doublet-triplet splitting without fine tuning in non-minimal or extended SU (5) models. One example is the so called missing partner mechanism [25, 26] and the other flipped SU (5) ⊗ U (1) model [27] . In the missing partner mechanism one uses a 75-plet representation to break the GUT symmetry and additionally 50 + 50 representations to give masses to the color triplets. The superpotential involving the 50, 50 and 75 plet has the form To break the GUT symmetry one uses in the Higgs sector 10 ⊕ 10 rather than the 24-plet. For the breaking of the electroweak symmetry one introduces a5 ⊕ 5, i.e., H 1 and H 2 as for the standard SU (5) case. The superpotential for the Higgs sector is then
where W 0 (10) is the superpotential that depends only on the 10 and 10. The
branchings of the 10-plet of SU (5) are given by 10 = (3, 1)(−4) ⊕ (3, 2)(1) ⊕ (1, 1)(6). When the singlet field (1, 1)(6) develops a VEV, the color triplet in the 5-plet combines with the color anti-triplet in 10-plet to become supermassive, while the SU (2) doublet and color singlet (1, 2) in the 5-plet has no partner in the 10-plet. Thus one gets a natural missing partner mechanism in this case. The X, Y gauge fields of SU (5) have the
, and the charges for them are
, −1/6) so that the charges for X ′ and Y ′ are given by
The unusual charge assignment in this case requires that the hypercharge be a linear combination of U (1) and of the generators in SU (5). A drawback of the model is that it is not fully unified since the underlying structure is a product group.
SO(10) unification
The group SO(10) as the framework for grand unification appears preferred over SU (5). The group SO(10)
contains both G(4, 2, 2) and SU ( For SO(10) one will have Tr ({Σ µν , Σ αβ }Σ λρ ). However, there is no invariant tensor to which the above quantity can be proportional which then automatically guarantees vanishing of the anomaly for SO (10) .
This analysis extends to other SO(N ) groups. One exception is SO(6) where there does exist a six index invariant tensor ǫ µναβλρ and so in this case vanishing of the anomaly is not automatic.
The group SO (10) For some of the works utilizing large representations see [28] .
As discussed above the conventional models have the drawback that one needs several sets of Higgs fields to accomplish complete breaking. One recent suggestion to overcome this drawback is to use 144 ⊕ 144 of
Higgs. This combination can allow one to break SO(10) symmetry all the way to SU ( can be achieved by taking a combination of dimension two and dimension four terms in the potential so
. Symmetry breaking allows for local minima which lead to the Standard Model gauge group for the vacuum structure
). This local minimum will be a global minimum for some some range of the parameters of the potential which implies that spontaneous symmetry breaking does indeed break SO(10) down to
conclusions can be arrived at for the case of supersymmetric SO(10) model. Here the potential will become the superpotential (with Σ † replaced by a chiral superfield Σ), the couplings κ i will have inverse dimensions of mass, and the mass term M 2 will be replaced by M . The analysis of [29, 30] shows that in SUSY SO(10) a 144 ⊕ 144 pair of chiral superfields do indeed break SO(10) in one step down to the supersymmetric standard model gauge group. Techniques for the computation of SO(10) couplings using oscillator algebra [31] and [32, 33, 34, 35] . Specifically this technique is very useful for analyses involving vector-spinors, i.e., 144 ⊕ 144. For alternative techniques see [36] .
As mentioned in sec 2 grand unified models typically have the doublet-triplet problem. In SU (5) aside from fine tuning two other avenues to overcome this problem were mentioned, one being the missing partner mechanism and the other flipped SU (5)⊗ U (1). In SO(10) one early suggestion to resolve the doublet-triplet problem is the missing VEV method where using a 45-plet of Higgs fields, one breaks the SO (10) In [38] a more comprehensive analysis of the missing partner mechanism for SO (10) . We also note that 45 of
which exhibits the doublet/triplet content of the 45-plet. One now finds that the exotic light modes become superheavy by mixing with the heavy exotics in 560 ⊕ 560 and only a pair of light Higgs doublets remain.
Also remarkably the gauge group SO(10) breaks directly to the Standard Model gauge group right at the GUT scale so that we have one step breaking of the gauge symmetry.
Higher dimensional operators appear in effective theories and allow one to explore the nature of physics beyond the standard model. They have been explored in significant depth in the literature. These operators also include the ones that violate B − L. Such operators appear in n −n oscillations and more recently they have gained further attention as they may be helpful in generating baryogenesis [39] . It is interesting to investigate the type of B − L violating operators that arise in grand unified theories. The minimal SU (5) grand unification under the assumption of R parity conservation and renormalizable interactions does not possess any B − L violating operators. However, SO(10) models do generate B − L violation. Recently an analysis of B − L = −2 operators has been given in [40] for a class of SO(10) models where there is doublettriplet splitting using the missing partner mechanism [38] (for related work see [41] ). The ∆(B − L) = ±2 operators lead to some unconventional proton decay modes such as p → νπ + , n → e − K + and p → e − π + .
The ∆(B − L) = ±2 operators also allow for GUT scale baryogenesis. The baryogengesis produced by such operators is not wiped out by sphaleron processes and survives at low temperatures [39] .
E 6 unification
Among the exceptional groups only E 6 , E 7 , E 8 are possible candidates for unification. However, E 7 , E 8 are eliminated as they do not have chiral representations which leaves E 6 as the only possible candidate for unification among the exceptional groups. The lowest representation of E 6 is 27-plet and 27⊗27 = 1⊕78⊕650
where 78 -plet is the adjoint representation. One notes that 27 ⊗ 27 = 27 s ⊕ 351 a ⊕ 351 ′ s . This result leads to the remarkable feature of E 6 models that the only cubic interaction one can have for 27 is W 27 = λ 27⊗27⊗27.
E 6 has many possible breaking schemes such as symmetry breaking schemes E 6 can produce a low energy theory consistent with data (see, e.g., [42, 43] ).
Investigation of E 6 as the unification group within string theory has a long history. In models of this type E 6 is broken down to the standard model gauge group by a combination of flux breaking and breaking by VEVs of Higgs fields. In one breaking sequence one has
Phenomenology of such breaking and of other scenarios leads to some distinctive signatures. More recently E 6 unification has also been investigated within F-theory (see e.g., [44] and the references therein).
The Flavor Puzzle
The observed structure of quarks and leptons exhibits some very interesting properties. There are at least two broad features which may be summarized as follows: (i) The quarks and leptons show a hierarchy in masses for different flavors; (ii) The mixing among quarks in going from flavor to mass diagonal basis is small, while the mixing among neutrinos is large. The constraints on the neutrino mixing come from the solar and the atmospheric neutrino oscillation data which is sensitive only to the differences of neutrino mass squares, i.e., ∆m 
Here the mixing angles θ 12 and θ 23 are large while θ 13 is small. The constraints on the absolute value of the masses themselves arise from neutrino less double beta decay and from cosmology. Thus from cosmology one has i |m νi | < (0.7 − 1)eV .
One avenue to decode the flavor structure is to assume that while it looks complex at low scales, there could be simplicity at high scales. An example of this is the ratio of the mass of the b quark vs the mass of the τ lepton which is approximately three at low energy but one can explain this ratio starting from the equality of the b and τ Yukawa couplings at the GUT scale. This result holds in supergravity GUTs but not in non-supersymmetric unification. In fact, one can also explain the ratio of the top mass to the b-quark mass starting with equality of the bottom and the top Yukawa coupling at the GUT scale if one assumes large tan β [49] . One of the early works in correlating low energy data on quark and lepton flavors with textures at the GUT scale is by Georgi and Jarlskog (GJ) [46] . Aside from the GJ textures there are several other textures that can generate the desired flavor structure at low energy (for early works see [47, 48] ). The question then is what are the underlying models which can produce the desired textures. One possibility is that they arise from cubic and higher dimensional operators. In the analysis of [50] it was shown that in SU (5), higher dimensions operators in an expansion in Σ/M , where Σ is the 24-dimensional field that breaks the GUT symmetry, can produce the GJ textures. This analysis also revealed that similar textures exist in dimension five operators which enter in proton decay which are different from the ones that appear in the Yukawa couplings.
Within renormalizable interactions one approach is to expand the superpotential in all allowed couplings and try to fit the data with the assumed set of couplings. For example, for SO(10) one could use the Higgs fields 10 s , 120 a , 126 s and assume general form of Yukawas consistent with these couplings, use renormalization group evolution from the GUT scale down to low energy and fit the quark and lepton masses and mixings [51] .
Other approaches involve flavor symmetries. One of the common flavor symmetry used is S 4 of which there are a large number of variants., see. e.g., [52] and [53] and the references therein.
The flavor structure can be understood in another way in a class of SO(10) models within the unified Higgs sector [29, 35] . As discussed in sec 3 in unified Higgs models, one uses a single pair of vector-spinor representation 144 + 144 which breaks the SO (10) for the third generation arise [35] . One can obtain b − τ as well as b − t unification even at low values of tan β. The formalism also correctly generates the charged lepton and neutrino masses which arise from a type I see-saw mechanism [35] . There are also a variety of other approaches. For some recent ones see [54] .
Supergravity grand unification
As mentioned in the introduction, supersymmetry which is a global symmetry, cannot be broken in a phenomenologically viable fashion. Supergravity grand unification overcomes this problem and allows one to build realistic models with spontaneous breaking of supersymmetry which lead to sparticles with calculable In global supersymmetry these are flat directions and the potential vanishes for all the three cases. Thus all three vacua are degenerate. However, for the case of supergravity the potential does not vanish and one finds that the potential at the minimum is given by [12] 
We note now that unlike the case of global supersymmetry the potential is no longer degenerate for the three vacua [55, 12] . Suppose we add a term to the superpotential and make the vacuum energy for one case vanish. In that case it is easy to check that the vacuum energy for other cases will be negative, i.e., that the vacua will be anti-deSitter. This would imply that the Minkowskian vacuum would be unstable in each case.
However, it turns out that vacuum stability is helped by gravity [56] . In fact it has been shown that the Minkowski vacuum will be stable against any finite size perturbations [55] . It should be noted that vacuum degeneracy is not lifted in all cases when gauge symmetry breaks even in the presence of gravity.
We turn now to the breaking of supersymmetry. In supergravity grand unification the breaking of supersymmetry can be generated by a superhiggs potential similar to the breaking of a gauge symmetry by a To shield the visible sector from such large mass growths the breaking of supersymmetry is communicated to the visible sector by gravity mediation. A simple way to see this is to write the superpotential including superhiggs and matter fields so that [12, 60] 
depends on the matter fields Z a and W SH (Z) depends only on the superhiggs field Z which breaks supersymmetry. The two are, however, connected via the supergravity scalar potential [12, 58] 
Integrating out the superhiggs field, one finds that the low energy theory in the visible sector does contains soft breaking generated by gravity mediation which are size m s ∼ κm 2 and thus the soft breaking is free of the Planck mass. However, supergravity models with grand unification contain another heavy mass, i.e., the GUT mass M G in addition to the Planck mass. Including M G in the analysis in a grand unified supergravity model brings in another type of hierarchy problem, i.e., one would have mass terms of the form
. A remarkable aspect of supergravity unified models is that all items of the type above cancel or vanish [12] . In spontaneously broken supergravity the sum rule for masses is given by [57, 59] In the universal supergravity models the effective low energy theory after integration over the heavy fields is thus given by [12] 
are parts of the superpotential which are bilinear and trilinear in the scalar fields. Here the soft parameters consist of the universal scalar mass m 0 , and the dimensioned parameters A 0 and B 0 . In the presence of nonuniversalities, one may have flavor dependence on the scalar masses as well as on the trilinear couplings. In the analysis above the vacuum energy has been adjusted to vanish. We note in passing that there exist models in which this is not the case and the minimum has a large negative energy [61] . The class of supergravity unification is rather large, as it encompasses a vast variety of particle physics models depending on the choice of the Kahler potential, the superpotential and the gauge kinetic energy function. Further, strings in low energy limit are describable by supergravity models (for a review see [11] ). Similarly M-theory [62] in low energy limit can be described by 11D supergravity [63] which can be reduced further to 4D. Some examples of low energy string based supergravity models are KKLT [64] and the Large Volume Scenario [65] .
Soft terms also arise for gaugino masses. One such source is via loops through their gauge interactions with the fields in the heavy sector [66, 67] . Thus the gaugino massesm i , i = 1, 2, 3 for the U (1), SU (2), SU ( In general, however, one would have non-universality of gaugino masses when f αβ does not transform as a pure singlet [68, 69, 70, 71] . SUSY breaking can also arise from gaugino condensation such that < λγ 0 λ > = 0 [72] . This kind of breaking is often used in string model building. The Higgs boson mass measurement at 125 GeV gives strong support to supergravity models with gravity breaking (see, e.g., [73] ).
Astrophysical evidence suggests the existence of dark matter in great abundance in our universe. Thus up to 95% of the universe may be constituted of dark matter or dark energy. Here we will focus on dark matter. Some leading candidates for dark matter include the weakly interacting massive particles (WIMPs), the extra weakly interacting particles [74] , and axions among many others. In supergravity models several neutral particles exist which could be possible candidates for dark matter, such as the neutralino, the sneutrino, and the gravitino [75, 76] . We will focus here on neutralino type WIMP which is an odd R parity particle. It has been shown that such a particle turns out to be the lightest supersymmetric particle in a large part of the parameter space of supergravity models [77] and if R -parity is conserved, it becomes a candidate for dark matter. Indeed the neutralino was proposed as a possible candidate for dark matter soon after the formulation of supergravity grand unified models [78] .
The relic density of dark matter turns out to be an important constraint on model building. In supergravity grand unified models under the constraint that the weak SUSY scale is high perhaps lying in the several TeV region, the neutralino turns out to be most often a bino. The annihilation cross section for bino-like neutralino is rather small which implies that the neutralinos cannot efficiently annihilate to produce the desired relic density consistent with the data from WMAP [79] and from PLANCK [80] experiments. In this case we need coannihilation [81, 82, 83, 84] . Coannihilation is a process in which one or more sparticles other than the neutralino enter in the annihilation process modifying the Boltzman equation that controls the relic density. Analysis shows that if the next to the lightest supersymmetric particle (NLSP) lies close to the LSP in mass then there can be a significant enhancement in the annihilation of the LSP allowing one to satisfy the relic density constraints consistent with the WMAP and the PLANCK data. Coannihilation, however, makes the detection of supersymmetric signals more difficult because the decay of the NLSP leads to soft final states which often do not pass the kinematical cuts for the conventional signal regions.
Cosmological models with cold dark matter such as ΛCDM have been pretty successful in explaining the large-scale structure of the universe. At small scales, however, some features arise which require attention [85] . The first of these is the cusp-core problem. This relates to the fact that the observed galaxy rotation curves are better fit by constant dark matter density cores which is the Berkert profile, ρ(r) = ρ 0 r 2 ] which is produced in N-body simulations using CDM. The second is the so called "missing satellite" problem where CDM predicts too many dwarf galaxies. More detailed analyses indicate that both problems could be solved by inclusion of complex dynamics and baryonic physics [86] . Aside from complex dynamics and baryonic matter, another possibility involves particle physics models such as (repulsive) self-interactions. or a dark particle of de Broglie wavelength of ∼ 1 kpc and a mass which lies in the range of 10 −21 − 10 −22 eV [87] .
Unification in strings
As discussed in section 6, N=1 supergravity grand unified models with a hidden sector lead to the breaking of supersymmetry in a phenomenologically viable manner and with three generations of quarks and leptons allow an extrapolation of physics from the electroweak scale to the grand unification scale. Above this scale one expects quantum gravity effects to become important. The next step then is to look for a theory of quantum gravity whose low energy limit is supergravity grand unification. [91] , where the Horava-Witten theory arising from the low energy limit of M theory on R 10 × S 1 /Z 2 may be viewed as the strong coupling limit of E 8 ⊗ E 8 , and
Type IIB/F theory, where F theory [92] may be viewed as the strong coupling limit of Type IIB strings.
One can also compactify M-theory on other manifolds such as on a manifold X of G 2 holonomy [93, 94, 95] .
One problem in working with string models is that they possess a huge number of vacuum states [96] , as many as 10 500 , and the search for the right vacuum state that describes our universe is a daunting task.
One possible way to proceed then is to thin out the landscape of vacuum states by imposing phenomenological constraints. The most obvious ones are the emergence of groups which support chiral matter which limits the groups to SU (N ), SO(4N + 2), N ≥ 1 and E 6 after reduction to four dimensions, an N = 1 supersymmetry in 4D, a hidden sector that allows for breaking of supersymmetry, and three generation of chiral fermions which correspond to the three observed generations of quarks and leptons. For the emergence of supergravity grand unified model it is also of relevance that the grand unification scale M G emerge in some natural way from the Planck scale where M G is expected to be close to the scale where the 10-dimensional theory reduces to four dimensions.
The E 8 ⊗ E 8 heterotic string was one of the first to be investigated at significant length [97] . After compactification to four dimensions it has a rank which can be up to 22. This allows for many possibilities for model building which have been pursued in the context of using free field constructions, orbifolds, and Calabi-Yau compactification (for a sample of the early phenomenological analyses see [98] ). Most of the analyses are within Kac-Moody level 1. Here one can achieve unified groups such as [99] SU (5), SO(10) or E(6). However, one does not have scalars in the adjoint representation to break the gauge symmetry. At level 2, adjoint scalars are achievable but three massless generations are not easy to get. At level 3, it is possible to have scalars in the adjoint representation and also 3 massless generations. However, here one finds that the quark-lepton textures are rank 3 and thus difficult to get realistic quark-lepton masses [100] .
In addition to the heterotic string constructions, a large number of string model constructions have since appeared, and a significant number within Type II (for reviews see [101, 102, 103, 104] ). Of course in such models which have an effective theory with N = 1 supersymmetry, one would need to break supersymmetry to make contact with observable physics (see, e.g., [105] ).
We note in passing that while it is desirable that grand unification arise from strings (for a recent review see [106] ) it is not essential that it do so since string theory is already a unified theory and it is not necessary for us to insist on grand unification in the effective low energy theory. Rather we may have the standard model gauge group emerging directly from string theory without going through grand unification. In this case we will have g
where G N is the Newtonian constant, α ′ is the Regge slope, and k i are the Kac-Moody levels of the subgroups. There are positive integers for non-abelian gauge groups [107] while for U (1) the normalization of k is arbitrary.
Of course string theory is supposed to unify gravity along with other forces, and one may look at the evolution of the dimensionless parameter α GR = G N E 2 along with the other three couplings (for a review see [108] ). In the normal evolution of the gauge and gravity couplings using the spectrum of MSSM, one finds that while the gauge couplings do unify at the scale M G ∼ 10 16 GeV, the gravity coupling α GR does not. There are several possible ways to address this lack of unification. One possibility is that as we evolve the couplings above the scale M G , α G and α GR will unify. Another possible way is that at some scale below M G , a new dimension of space opens up. Here if matter resides on the 4 dimensional wall while gravity resides in the bulk, the evolution of α GR will be much rapid and there may be unification of gauge and gravity couplings at a scale much below the Planck scale. A further modification of this idea is strings where the string scale is lowered to lie at the TeV scale. In this case gravity can get strong at a much lower scale and unification of gauge and gravity coupling can occur in the few TeV region [109, 110, 111] . More recent progress in model building has come from F-theory which as noted earlier can be viewed as a strong coupling limit of Type IIB string. For some recent work in F-theory model building see, e.g. [112, 113, 114, 115, 44 ].
Monopoles
It was shown by Dirac [116] that in Maxwell electrodynamics the existence of a monopole of magnetic charge g would imply a quantization of the electric charge so that e.g. = 1 2 n . In unified theories while SU (2)×U (1) does not possess a magnetic monopole, SO(3) does and it arises as a consequence of solution to the field equations. The quantization condition in this case is e.g. = n which is the Schwinger quantization [117] .
Grand unified theories also possess monopoles and they appear again as solutions to field equations. Unlike the Maxwell electrodynamics where the monopole may or may not exist, in grand unified theories where a U (1) arises as a reduced symmetry, the monopole is a necessity and a prediction. However, the monopoles in grand unified theories will be superheavy with a mass of size the GUT scale. One problem associated with these monopoles is that monopoles produced in the early universe would contribute a matter density in excess of the critical relic density which would over close the universe. Inflationary cosmology solves this problem. In some models the magnetic monopoles can be much lighter. Monopoles also appear in intersecting D-brane models where they appear along with color singlet fractionally charged states [118] . For the current experimental status of magnetic monopoles see [119] .
Proton decay in GUTs and Strings
One of the hallmarks of most unified models is the prediction that proton will decay. It is also a possible discriminant of models based on GUTs vs strings. One of the predictions in both supersymmetric and nonsupersymmetric grand unification is the proton decay mode p → e + π 0 . This mode arises from dimension six operators and involves the exchange of leptoquarks (for reviews see Refs. [120, 121, 122] in the future Hyper-K is expected to achieve a sensitivity of τ (p → e + π 0 ) > 1 × 10 35 yrs [126] .
In supersymmetric unified models there are additional operators that can generate proton decay. Thus if R parity is not conserved, proton decay can proceed with baryon and lepton number violating dimension four operators. Such a decay is too rapid and must be eliminated by imposition of R parity conservation. In this case we still have baryon and lepton number violating dimension five operators arising from the exchange of Higgs triplets, which give rise to proton decay [127, 120] . Here the dominant decay mode is p → K +ν and could also be dangerous in terms of proton stability [128, 129, 130, 131, 132, 133, 134, 135] . The SUSY decay modes depend sensitively on the sparticle spectrum as well as on CP phases [136, 137] . It is known that proton decay lifetime from baryon and lepton number violating dimension five operators in SUSY GUTs with a low sparticle spectrum would lie below the current experimental limits. One possibility for stabilizing the proton is via a cancellation mechanism [120, 138] . The other possibility is via using a heavy sparticle spectrum which enters in the loop diagrams. Very roughly the proton decay from dimension five operators has the sparticle mass dependence of m has to choose the parameter space of supergravity models appropriately.
As discussed in sec 6 the Higgs boson mass measurement at 125 GeV [142, 143] indicates that the loop correction to the Higgs boson mass in supersymmetry is large. This in turn indicates that the weak SUSY scale, and specifically the scalar masses, must be large lying in the several TeV region [144, 73, 145, 146] .
It turns out that large scalar masses arise naturally in the radiative breaking of supergravity. Thus the radiative breaking in supergravity unified models obeys the relation (for a review see [147] is order several TeV which leads to M S in the TeV region [150] . This means that even for the case when the weak SUSY scale is large, one of the stops could have a mass that lies in the few hundred GeV region and may be discoverable.
Of course, for non-universal supergravity models the sleptons can be much lighter than the squarks. Here we note that in searches for supersymmetry optimization of signal analysis beyond what is employed in simplified models is often necessary as important regions of the parameter space can otherwise be missed (see, e.g., [151, 152, 153, 154] ).
It is possible, however, that the weak scale of SUSY is much larger than previously thought and could be upwards of 10 TeV. A weak SUSY scale of this size is consistent with radiative breaking of the electroweak symmetry, the Higgs boson mass constraint and the relic density constraint [157] . It can also resolve the so called gravitino decay problem in supergravity and string theories. Thus an intrinsic element of supergravity unified models is the existence of a gravitino which is a supersymmetric partner of the graviton and becomes massive after spontaneous breaking of supersymmetry. The gravitino could be either stable or unstable. If it is stable it would be the lowest mass odd R parity object and thus contribute to dark matter. In this case one finds that the mass of the gravitino must be less than 1KeV in order that it not over close the universe. If the gravitino is not the LSP, it would be unstable and decay and there are strong constraints on the gravitino in this case. Here one needs to make certain that the gravitino which has only gravitational interactions does not decay too late, i.e., does not occur after the BBN time, i.e., (1 − 10 2 )s. which would upset the successes of the BBN. As already noted one of the implications of the Higgs boson measurement, is that the weak SUSY scale which is typically set by the gravitino mass is high lying in the several TeV region. However, the scalar masses though scaled by the gravitino mass need not be equal to the gravitino mass.
We note that supergravity models have a large landscape of soft parameters [155] which include nonuniversalities in the gaugino sector and as well as non-universalities in the matter and Higgs sectors [156] .
First there could be non-universalities which are model dependent and split the scalar masses and second that renormalization group evolution has significant effect on the scalar masses when evolved down to the electroweak scale. Thus in general the scalar masses could be much lower than the gravitino mass. Further, the gaugino masses could be significantly smaller than the scalar masses. This would allow the gravitino to have decay modesgg,χ
We note in passing that supergravity theories arising from string compactification with stabilized moduli often lead to a gravitino mass which may lie in the range 10 TeV and above (see, e.g., [89, 158, 159] ).
For the gravitino mass lying in the 50-100 TeV region, the decay of the gravitino occurs significantly before the BBN time [157] . There is, however, one more constraint that one needs to attend to, which is that under the assumption of R parity conservation, each of the gravitino decay will result in an LSP neutralino which will contribute to the relic density of the universe. Thus here the total relic density of the neutralinos will be given by Ωχ0 /mG)ΩG, which implies that we need to compute the quantity ΩG. We assume that the gravitinos produced in the early universe before the start of inflation have been inflated away and the relevant relic density of gravitinos is the one that is produced after inflation during the reheating period.
Detailed analyses of this production exists in the literature and one finds that the relic density of neutralinos generated by the decay of the gravitinos produced by reheating is given by ΩG χ 11 Testing supergravity unification at future colliders
As mentioned in section 10, the case for SUSY/SUGRA is much stronger as a consequence of the Higgs boson discovery and the measurement of its mass at 125 GeV. Currently there is no other paradigm that can replace supergravity grand unification as we extrapolate physics from the electroweak scale to the GUT scale.
For these reasons the search for sparticles must continue. There is a good chance that we will find sparticles at the LHC by the time all its runs are over. The discovery of even one sparticle will open up a new era for sparticle spectroscopy including the discovery of the remaining sparticles, and precision measurement of their masses and couplings. For these higher energy colliders are essential. For the future several proposals are under consideration both for high energy e + e − colliders as well as for high energy proton-proton colliders. 
Conclusion
There are a variety of reasons why supersymmetry is desirable when we think of high scale physics. One reason is the well known hierarchy problem [6] arising from loop corrections to the scalar masses. Thus while a loop correction to a fermion mass is proportional to the fermion mass, i.e., δm f ∝ m f , for the scalars the corrections to the scalar mass m is of the form δm 2 ∝ Λ 2 , where Λ is a cutoff scale. In a quantum field theory the cutoff scale could be order the Planck mass and thus the correction is very large. One of the ways to overcome this problem is supersymmetry where the loop correction from the squark exchange cancels the loop correction from the quark exchange. This leads to a natural cancellation of 1 part in 10 28 . The situation is similar to the ∆S = 1 neutral current case in the Standard Model where the charm quark loop cancels the u quark loop consistent with experiment Br(K 0 → µ + µ − )/Br(K + → µ + ν µ ) = (6.84 ± 0.11) × 10 −9 [161] . In this case the cancellation required is order one part in 10 9 and it leads to the discovery of the charm quark.
In comparison for the case of the Higgs boson mass, the cancellation is 1 part in 10 28 between the squark loop and the quark loop and thus there is an overwhelming reason for supersymmetry to be discovered.
In addition to the above let us recount some of the other successes of the supersymmetry/supergravity models. One of the early ones includes the fact that supersymmetry/supergravity models provide the right number of extra particles needed for the unification of couplings using the LEP data as one moves from the electroweak scale to the grand unification scale. Supergravity models provide an explanation for the tachyonic Higgs mass term that is central to accomplish spontaneous breaking of the electroweak symmetry in the Standard Model. Supergravity grand unification predicted the Higgs boson mass to lie below 130
GeV which is consistent with the current measurement of the Higgs boson. Currently there is no good alternative to supergravity grand unification if we wish to extrapolate physics from the electroweak scale to the grand unification scale. So the search for sparticles must continue. The most likely sparticle candidates for discovery are the neutralinoχ 0 , the charginoχ ± , the gluinog, the stopt 1 , and the stauτ 1 . There is also the possibility of discovering the additional Higgs bosons that appear in SUSY extensions of the standard model. There is a good chance that with the full capability of the LHC (L = 3000 fb −1 , √ s = 14 TeV) one discovers sparticles and/or additional Higgs boson. At the same time a good idea to look ahead and plan for a 100 TeV pp super collider.
Acknowledgments: This research was supported in part by NSF Grant PHY-1620526.
